The study of the plant secretory pathway is a relatively new field, developing rapidly over the last 30 years. Many exciting discoveries have already been made in this area, but as old questions are answered new ones become apparent. Our understanding of the functions and mechanisms of the plant secretory pathway is constantly expanding, in part because of the development of new technologies, mainly in bioimaging. The increasing accessibility of these new tools in combination with more established methods provides an ideal way to increase knowledge of the secretory pathway in plants. In this review we discuss recent developments in understanding protein transport between organelles in the plant secretory pathway.
Introduction
The secretory pathway in plants is made up of a series of organelles specialized for the synthesis, processing, storage, and degradation of macromolecules (Fig. 1 ). All eukaryotic systems share the basic framework of endoplasmic reticulum (ER), Golgi apparatus, vacuole or lysosome, and plasma membrane, but plant cells possess some significant peculiarities. For example, the plant Golgi apparatus consists of multiple Golgi stacks that are motile in the cytoplasm, travelling on an actin network (Boevink et al. 1998) , while the mammalian Golgi is a large, relatively stationary complex. Plant cells can also contain multiple vacuole types (Paris et al. 1996; Di Sansebastiano et al. 1998 Jauh et al. 1998 Jauh et al. , 1999 , specialized for different and sometimes opposite functions. For example, vacuoles specialized for the storage of proteins have been observed in the same cells as those that function in protein degradation (Paris et al. 1996; Di Sansebastiano et al. 1998 . In addition to these findings, Jauh et al. (1998 Jauh et al. ( , 1999 have used tonoplast intrinsic proteins (TIPs) to demonstrate the existence of up to three types of vacuoles in the same cell, and suggest that the combination of different TIP isoforms could represent yet more vacuole types. This complexity is only one of many that make the plant secretory pathway a fascinating and challenging field to study.
Protein transport mechanisms: what is the shuttle?
Transport of cargo molecules through the intricacies of the secretory pathway is generally believed to occur through vesicular transport, although other mechanisms may exist for specific transport steps (Brandizzi et al. 2002a; Hawes and Satiat-Jeunemaitre 2005) . Vesicular transport takes place through budding of a vesicle from one membrane and subsequent fusion of the vesicle with another. This causes redistribution within the cell not only of the contents of the vesicle, but also of membranes. Correspondingly, to maintain a balance between organelles, transport must occur both in the forward (anterograde) and backward (retrograde) directions. In this way, the secretory pathway maintains its equilibrium. For example, proteins are exported from the ER to the Golgi apparatus via COPII-coated carriers, while other proteins that are required by the ER for various functions are thought to be carried back from the Golgi to the ER by COPI-coated carriers (reviewed by Hanton et al. 2005a) . In addition to these vesicle types, clathrin-coated vesicles (CCVs) have been implicated in various transport routes later in the secretory pathway, such as transport from the trans-Golgi to the prevacuolar compartment (Kirsch et al. 1994) . However, it has also been postulated that direct connections between organelles may exist. Brandizzi et al. (2002a) have shown that transient tubular structures can form between ER and Golgi, and it is possible that similar structures may be involved in protein transport between other organelles within the secretory pathway.
Protein synthesis and folding
The first organelle in the secretory pathway is the endoplasmic reticulum (ER). It consists of an intricate system of membranes, specialized for the synthesis and folding of proteins. In plants, as in all eukaryotic cells, proteins enter the secretory pathway through translocation across the ER membrane (reviewed by Nicchitta 2002) ; this can happen either during (co-translational) or after (post-translational) translation. Specific signals are required for this translocation to occur; soluble and some membrane-bound proteins possess an N-terminal hydrophobic region called the signal peptide, which mediates entry into the ER. On arrival in the ER lumen, the newly synthesized protein interacts with various ER resident proteins termed chaperones, which assist in correct folding and prevent inappropriate interactions with other proteins that could result in the formation of insoluble protein aggregates. At this stage the new protein may be glycosylated, which can lead to further modifications later in the transport pathway. A complex quality control process is in place in the ER to prevent misfolded or improperly assembled proteins from exiting the ER and disrupting the secretory pathway (reviewed by Crofts and Denecke 1998; Ritter and Helenius 2000) . Proteins that are irreversibly misfolded may be targeted to the cytoplasm for degradation via the ERAD pathway (Ward et al. 1995; reviewed by McCracken and Brodsky 2003) . Characterization of this pathway in plants is in its infancy, but evidence for its existence has been presented by various groups (Pedrazzini et al. 1997; Brandizzi et al. 2003; Muller et al. 2005) . Those proteins that are correctly folded and assembled can be exported from the ER to the next stage in the journey through the secretory pathway.
Export from the endoplasmic reticulum
Various export options are available at the point of exit from the ER, dependent on the protein in question and the tissue in which it is expressed. In the case of some storage proteins, transport from the ER directly to the protein storage vacuole (PSV) has been reported. This is thought to occur via large vesicles containing aggregates of storage proteins, termed protein bodies PBs, (Levanony et al. 1992) , precursor-accumulating (PAC) vesicles (Hara-Nishimura et al. 1998) , or KDEL-tailed cysteine protease-accumulating vesicles KVs, (Toyooka et al. 2000) , which have been observed at various stages of seed development in different species. For simplicity, these will be referred to as PAC vesicles from here on. Other routes to the PSV exist, but Fig. 1 . Overview of the plant secretory pathway. Schematic representation of the organelles and the transport routes that connect them within the secretory pathway of plants. Transport routes are numbered as follows: 1, ER protein storage vacuole (PSV) transport, mediated by a variety of ER-derived vesicles; 2, Golgi-PSV transport, mediated by dense vesicles; 3, COPII-mediated ER-Golgi transport; 4, COPIIindependent ER-Golgi transport; 5, COPI-mediated Golgi-ER transport; 6, transport from trans-Golgi network (TGN) to prevacuolar compartment (PVC)/multivesicular body (MVB)/late endosome via clathrin-coated vesicles (CCVs); 7, recycling route from PVC/MVB/late endosome to TGN; 8, transport from PVC/MVB/late endosome to lytic vacuole; 9, transport from TGN to plasma membrane; 10, endocytic pathway from plasma membrane to early endosome; 11, transport of endocytosed material from early endosome to PVC/MVB/late endosome; 12, transport of endocytosed material from early endosome to TGN.
originate at the Golgi apparatus (Hohl et al. 1996) . It may be the case that some proteins require Golgi-mediated modifications prior to trafficking to their final destination, hence the need for two independent pathways to the same organelle. Indeed, some proteins found in the periphery of the PAC vesicles bear modifications that indicate passage through the Golgi (Hara-Nishimura et al. 1998 ). This suggests that Golgi-derived vesicles may fuse with PAC vesicles en route to the PSV. It is possible that a similar transport route exists to mediate transport in the opposite direction, in order that proteins intended for other destinations but trapped in the aggregates in the PAC vesicles can be retrieved.
Transport of proteins from the ER to the Golgi apparatus in plants is thought to occur by a COPII-mediated mechanism (reviewed by Hanton et al. 2005a ). Considerable evidence for this has been presented, although direct visualization of COPII-coated vesicular intermediates has not yet been achieved in plants. COPII vesicles in yeast are formed by the assembly of a protein coat that stimulates curvature of the ER membrane and eventually causes budding of the vesicle (Barlowe et al. 1994) . Homologues of the components of the COPII coat have been identified in plants (d 'Enfert et al. 1992; Bar-Peled and Raikhel 1997; Contreras et al. 2004b ), leading to studies in which overexpression or mutation of regulatory proteins involved in vesicle formation were used to demonstrate the presence and function of a COPII-mediated transport route in plants (Takeuchi et al. , 2000 Andreeva et al. 2000; Phillipson et al. 2001; daSilva et al. 2004; Yang et al. 2005) . In addition to the mounting evidence for COPII-mediated ER-Golgi transport, a route from the ER that is independent of COPII has also been proposed (Törmäkangas et al. 2001 ), although it is not yet clear whether this is a widespread phenomenon. Because Törmäkangas et al. (2001) studied the transport of phytepsin, a vacuolar protein, it may be the case that their proposed COPII-independent pathway is mediated by one of the vesicle types involved in direct ER-vacuole transport (Levanony et al. 1992; Hara-Nishimura et al. 1998; Toyooka et al. 2000) . It cannot be ruled out that another route that is separate from both the COPII and ER to vacuole routes exists, although this has yet to be shown.
COPII transport intermediates are thought to bud from the ER at specific areas, known as ER export sites (ERES). These were first visualized in tobacco leaf epidermal cells by (daSilva et al. 2004) , using a fluorescent fusion of the small GTPase Sar1 (secretion-associated and Ras-related 1). Sar1 is thought to initiate COPII coat formation by recruiting structural components to the membrane. Upon co-expression with membrane-bound cargo molecules, Sar1 distributed to punctate structures identified as ERES, which appeared as discrete, motile structures in the ER membrane in close association with Golgi bodies. Fluorescence recovery after photobleaching (FRAP) analyses showed that the exchange of protein cargo continued during movement of ERES on the ER. This has led to the proposal that ER-Golgi transport is a continuous process that is facilitated by the constant close proximity of ERES and Golgi bodies. It has also been suggested that in tobacco BY-2 cells ERES labelled by Sec13, a COPII coat component, are capable of association with the Golgi but can also move independently (Yang et al. 2005) . It would be interesting to know whether the discrepancies between these studies are due to the expression systems used, or to the different marker proteins.
Back and forth from the endoplasmic reticulum
The plant ER has an interesting way of retaining proteins required for its function; it allows them to leave and then retrieves them from the Golgi apparatus. Export of soluble proteins from the ER to the Golgi apparatus occurs via a bulk-flow mechanism (Phillipson et al. 2001 ). To counteract their export, ER resident proteins possess retrieval signals. In the case of soluble proteins, an H/KDEL motif is present at the extreme C-terminus (Denecke et al. 1992) , while membrane-bound proteins possess either a di-lysine signal (Benghezal et al. 2000) or an aromatic amino acid-enriched signal (McCartney et al. 2004 ) at their C-terminus. The H/ KDEL sequence interacts with the receptor ERD2 in the cis-Golgi (Lee et al. 1993; Crofts et al. 1999) , which in yeast has been shown to recruit proteins required for formation of retrograde vesicles (Aoe et al. 1997) . In plants, ERD2 appears to be localized across the entire Golgi apparatus (Boevink et al. 1998) , and fluorescent fusions to the receptor are widely used as ER or Golgi marker proteins (Boevink et al. 1998; Brandizzi et al. 2002b , see also Fig. 2B ). The retrograde vesicles that carry cargo from the Golgi to the ER are termed COPI and have been identified and visualized in plants (Movafeghi et al. 1999; Contreras et al. 2000; Pimpl et al. 2000) , although it has not yet been demonstrated that their function is identical to that shown for COPI vesicles in other systems. The di-lysine retrieval motif of membrane proteins interacts directly with COPI components (Contreras et al. 2004a ), leading to the incorporation of these proteins into vesicles for transport back to the ER.
Although the export of soluble proteins from the ER occurs via bulk flow, it is not clear what mechanism regulates the export of transmembrane proteins. The length of the transmembrane domain of type I proteins is known to influence their final destinations within the secretory pathway (Brandizzi et al. 2002b) , but specific signals mediating export also exist. Di-hydrophobic and di-basic signals that may influence ER export of transmembrane proteins have been identified (Contreras et al. 2004b; Yuasa et al. 2005 ), but have not yet been thoroughly characterized. A more recent publication has shown the existence and function of diacidic ER export motifs in multispanning and type II plant transmembrane proteins (Hanton et al. 2005b ). Interestingly, the data present in this study also demonstrated that diacidic ER export motifs are dominant over transmembrane domain length in determining the destinations of type I transmembrane proteins within the secretory pathway of plants.
Vacuolar sorting from the Golgi
For those proteins that continue anterograde transport past the cis-Golgi, many more potential routes exist. Proteins destined for vacuolar compartments undergo sorting in the Golgi; it has been shown that segregation of proteins travelling to the lytic vacuole from those intended for the protein storage vacuole can begin as early as the cis-Golgi compartment ), although it is not clear whether further sorting steps occur in later Golgi compartments. Sorting to the lytic vacuole is mediated by a vacuolar sorting receptor termed BP80 or AtELP (Kirsch et al. 1994; Ahmed et al. 1997 ). This receptor is thought to recognize specific signals in the amino acid sequences of soluble cargo proteins (Kirsch et al. 1996; Ahmed et al. 2000) . Upon binding of these sequences to the receptor, the complex is incorporated into clathrin-coated vesicles (CCVs) that transport it to the prevacuolar compartment (PVC). The PVC has also been termed multivesicular body (MVB) or late endosome (Tse et al. 2004 ), but for simplicity will be referred to as the PVC in this discussion. It is thought that this incorporation occurs through the interaction of a tyrosine motif in the cytosolic tail of BP80 with components of the clathrin coat (Happel et al. 2004 ). The complex dissociates at the PVC, likely because of a change in pH (Kirsch et al. 1994) , allowing the receptor to recycle to the Golgi apparatus and collect more cargo molecules. Evidence for this recycling has been presented by ) using an Arabidopsis BP80 homologue, and the distribution of the pea BP80 at both the Golgi apparatus and PVC supports the hypothesis (Fig. 2) . Although much is known about transport of soluble vacuolar proteins as far as the PVC, it is not clear how cargo molecules are transported from the PVC to the vacuole, whether vesicular transport is involved or whether the PVC itself fuses periodically with the vacuole and is regenerated through the fusion of Golgi-derived vesicles.
Sorting of some proteins to the PSV is also thought to be receptor mediated, as a transmembrane protein with similarities to BP80, termed PV72, has been identified in the membrane of PAC vesicles (Shimada et al. 1997 and has been shown to be capable of binding to storage proteins . However, more recently, binding of PV72 to a protease via a signal similar to those recognized by BP80 was reported (Watanabe et al. 2004 ). This may reflect a double role in vacuolar sorting, perhaps mediated by the presence of two binding sites as has been shown for the yeast vacuolar sorting receptor VPS10 (Jørgensen et al. 1999 ). However, it may also be the case that the observed interaction was due to ectopic expression of PV72, a seedspecific protein, in Arabidopsis leaf tissue. Both BP80 and PV72 may recognize similar sequences, but as they are expressed in different tissues and developmental stages, different cargo proteins and vacuoles are present. This would prevent missorting of proteases to the PSV or storage proteins to the lytic vacuole in planta.
Transport to and from the plasma membrane
The most distal location in the secretory pathway is the plasma membrane, from which point soluble proteins can be secreted into the extracellular space, whereas membraneanchored proteins may act as receptors for hormones and other regulatory molecules (reviewed by Jürgens and Geldner 2002) . It is not known whether transport from the transGolgi network (TGN) to the plasma membrane is achieved by means of vesicular carriers, as although CCVs have been identified at both the TGN and the plasma membrane (Lam et al. 2001) , these may be involved in other processes such as endocytosis. The existence and function of a Rab GTPase involved in protein transport between the TGN and plasma membrane have been demonstrated (Zheng et al. 2005) , providing an important starting point for studying this area of the secretory pathway. Specific signals mediating protein transport to the plasma membrane in plants have not been identified, and it appears that secretion may be the default destination for many proteins (reviewed by Jürgens 2004) . Fusions of signal peptides to non-plant proteins such as phosphinothricine acetyl transferase (PAT) or green fluorescent protein (GFP) results in their secretion from the plant cell (Denecke et al. 1990; Batoko et al. 2000) . This supports the hypothesis that the extracellular space is the default destination for proteins with no specific sorting signals in leaf cells. However, it is not clear whether a similar mechanism exists in tissues exhibiting polarized secretion, such as root hairs and pollen tubes. Various effector molecules that are involved in the transport pathway to the plasma membrane in these tissues have been identified (Preuss et al. 2004 ; de Brandizzi et al. 2002b ) with ERD2-YFP (B, Brandizzi et al. 2002a ) in a tobacco leaf epidermal cell. spGFP-BP80 exhibits faint Golgi staining (solid arrowhead), but localizes predominantly at the PVC (open arrowhead). Note the co-localization of ERD2-YFP with spGFP-BP80 at the Golgi apparatus but not at the PVC or ER (C, merged image). Scale bar = 5 mm. Graaf et al. 2005) . Additionally, Preuss et al. (2004) have demonstrated the existence of a compartment between the TGN and plasma membrane in root hairs that is distinct from the PVC. It is not yet known whether this compartment has a function in anterograde or retrograde transport, or possibly in both. Further studies are also required to understand whether proteins can be specifically targeted to the plasma membrane.
Endocytosis in plants is a complex field (reviewed by Holstein 2002; Samaj et al. 2004) . Early studies showed evidence for the presence of coated pits and vesicles in plant cells (Mersey et al. 1982; Joachim and Robinson 1984) , suggesting that endocytosis could occur despite the turgor pressure of the central vacuole. Ultrastructural analyses demonstrated the complexity of the endocytic pathway in plants, and gave the first evidence of plant endosomes (Pesacreta and Lucas 1985; Fowke et al. 1991) . More recently, fluorescently tagged proteins have been used to shed light on plant endocytosis. For example, it has been shown that fluorescent fusions of the plant Rab5 homologues Ara6 and Ara7 partially co-localize with the styryl dye FM4-64 (Ueda et al. 2001) , which was initially used as a marker for the endosome. However, more recent studies have demonstrated that Ara7 and other Rab5 homologues also co-localize with BP80 (Bolte et al. 2004a; Kotzer et al. 2004) , which is known to label the Golgi apparatus and PVC (Paris et al. 1997 , see also Fig. 2 ). In addition to this, FM4-64 has been shown to label compartments other than the endosome, including the PVC, Golgi apparatus, and vacuolar membrane (Bolte et al. 2004b) . These data indicate the involvement of compartments other than the endosomes in endocytosis, consistent with a report from Tse et al. (2004) , in which the authors propose that the PVC-MVB acts as a late endosome in addition to its function in vacuolar transport. Evidence from Ueda et al. (2004) indicates that two populations of endosomes exist in plants, based on co-localization studies with Ara6 and Ara7; this suggests that both early and late endosomal compartments may be present, in which case cargo could be transported from the early endosome to the PVC-MVB-late endosome. This study suggested that Ara6, which co-localizes with the PVC markers Syp21 and Syp22, is a marker for the late endosome, while Ara7 may label an earlier endocytic compartment. However, Kotzer et al. (2004) have shown that Ara7 co-localizes with BP80, which is also known to label the PVC-late endosome. This discrepancy may be due in part to the use of different expression systems. Kotzer et al. (2004) expressed Ara7 in tobacco leaf epidermal cells, whereas the study by Ueda et al. (2004) used protoplasts from Arabidopsis cell cultures. Further investigations are required to clarify the reasons for such differences.
Concluding remarks and future perspectives
Although our knowledge of the composition and function of the plant secretory pathway has increased considerably in recent years, much remains to be discovered. In addition to the discrepancies discussed previously for ERES and their Golgi association, or for the endocytic pathway in plants, other topics remain to be investigated. For example, vesicle targeting mechanisms in plants form a relatively new area of research. Although 54 different soluble N-ethylmaleimidesensitive factor attachment protein receptors (SNAREs), which have several functions including vesicle targeting (reviewed by Pratelli et al. 2004) , have been identified in Arabidopsis (Sanderfoot et al. 2001; Uemura et al. 2004) , in many cases their functions remain unclear. Similarly, the small GTPases of the Rab family have been implicated in vesicle trafficking in plants (reviewed by Molendijk et al. 2004 ), but most have not been studied in detail. Interestingly, several of the 57 Rab GTPases predicted from the Arabidopsis genome do not have a mammalian or yeast homologue (Rutherford and Moore 2002) , making this a particularly exciting area of study.
The increased usage of live cell imaging techniques and fluorescence microscopy, and new advances in these technologies (reviewed by Brandizzi et al. 2004) have allowed the visualization of many aspects of the plant secretory pathway. These noninvasive methods are of great use to cell biologists in many fields, and complement more traditional approaches. Future studies using both traditional and newer techniques will provide accurate and quantitative data that can be interpreted to increase still further our comprehension of protein transport within the secretory pathway of plants.
